Gateway™ cloning is a popular method for genome analysis and protein expression (for a compilation of publications using Gateway, see http:// www.ncifcrf.gov/rtp/pel/pubs.asp). In Gateway cloning, bacteriophage λ recombination sites, called att sites, are first added to the DNA sequence of interest, typically during PCR. The presence of these flanking att sites allows the DNA of interest to be cloned and subsequently subcloned into expression vectors entirely by in vitro site-specific recombination reactions (1) . The recombination reactions are efficient compared to those based on ligases, and powerful As the size of the gene decreases to less than 1 kb, the inverted repeats on each strand pair to each other more efficiently. (C) Subsequent annealing of the sequencing oligonucleotide (F, forward) results in the extension of the sequencing reaction being stopped at the double-stranded region of the hairpin. (D) Formation of the hairpin can be inhibited by the addition of a blocking oligonucleotide that is complementary to the distal repeat attL2, which allows (E) the annealing and extension of the sequencing primer to proceed. Note that because attL1 and attL2 are almost identical, the blocking oligonucleotide also anneals to attL1, thus the same blocking oligonucleotide facilitates sequencing from both forward and reverse primers. Gateway clones of PCR products are called entry clones, and the inserts in these clones are typically sequenced to detect and discard plasmids that have mutations that resulted from primer synthesis or PCR errors. In the process of sequencing several hundred inserts in entry clones, we have noticed that sequence read lengths drop as the sizes of the genes decrease. With inserts smaller than approximately 500 bp, the quality of sequence data obtained under standard sequencing conditions is poor. This is presumably due to the presence of inverted repeats of 100-bp attL recombination sites that flank DNA segments in entry clones. Because each sequencing cycle produces single-stranded template DNA, the nearly identical attLs can hybridize to form a 15-bp hairpin. If the hairpin forms before the sequencing primer can be extended through the attL, then sequence is not obtained for that cycle (Figure 1 ). Here we describe a simple way to minimize this difficulty.
Blocking oligonucleotides improve sequencing through inverted repeats
pDonr223 is identical to pDonr221 (Invitrogen, Carlsbad, CA, USA), except that it confers spectinomycin resistance instead of kanamycin resistance. Blocking, sequencing, and PCR oligonucleotides were purchased from Qiagen (Valencia, CA, USA) and desalted but not otherwise purified. The blocking oligonucleotides contained their 3′-terminal base in reverse orientation (3′→3′ linkage) so that both ends of the blocking oligonucleotides were 5′ OH. Modified attB sequences were used for improved cloning efficiency (3): attB1.1 was added to 5′ primers 5′-GGGGACAACTTT-GTACAAAAAAGTTG-3′, and attB2.1 was added to 3′ primers 5′-GGGGA-CAACTTTGTACAAGAAAGTTG-3′. 5′-GGCATTATAAGAAAGCATTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCArevA-5′
The inverted repeats are underlined, and the mismatches between the inverted repeats are bold and lowercase. Scans A-E were obtained using the forward sequencing primer, and scans F-G were obtained using the reverse sequencing primer. The black bar shows the locations of (scans A-E) attL1 or (scans F-G) attL2. The blocking oligonucleotides hydridize to the distal attL site on each strand (attL2 on the bottom strand using the forward sequencing primer, and attL1 on the top strand using the reverse sequencing primer). Fwd, forward; Rev, reverse.
BENCHMARKS
Sequencing primers were forward, 5 ′ -C C C AG T C AC G AC G T T G TA -AAACG-3′, and reverse, 5′-GTAACAT-CAGAGATTTTGAGACAC-3′. Table 1 shows the sequences of attL1 and attL2 in entry clones derived from recombination between pDonr223 and PCR products containing attB1.1 and 2. .85 µL water, cycled 25 times at 96° for 10 s, 50° for 5 s, and 60°C for 4 min, and applied to an ABI PRISM 3700 sequencer (Applied Biosystems). Note that higher concentrations of blocking oligonucleotides might be required when using more dilute BigDye terminator mixture. Figure 1 shows the mechanism by which the inverted attL sites of Gateway entry clones are presumed to inhibit the extension of sequencing primers. As the size of the cloned DNA segment decreases, the rate at which the complementary attL sites find each other and hybridize to form a hairpin increases. Because each sequencing cycle begins with a denaturation step that produces a single-stranded template, if the hairpin forms before the sequencing primer is extended through the proximal attL, then the extension of the sequencing primer in each cycle will be impeded.
We expected to diminish this undesirable process by making the distal attL site double-stranded with complementary oligonucleotides before it could hybridize to the proximal attL site. We did this by adding oligonucleotides that were blocked at their 3′ termini and complementary to the distal attL site to each sequencing reaction. We tested several candidate oligonucleotides for their effect on the sequencing reactions of a template with an insert of 390 bp cloned between the attL1 and attL2 inverted repeats (Figure 2 ). Without any blocking oligonucleotide (Figure 2A) , the extension of the forward primer was stopped approximately 20 bases into the stem of the hairpin, which is AT-rich. The addition of blocking oligonucleotide 521 ( Figure 2B ), which hybridizes toward the top of the stem of the hairpin, actually decreased the read length to 17 bases into the stem. Oligonucleotide 522, which hybridizes at the bottom of the stem, gave very good sequence over its length of 39 bases ( Figure 2C ), at which point the signal strength dropped dramatically. The addition of both 521 and 522 ( Figure 2D ) allowed for sequence to be read through the hairpin, but better signal strength was seen with oligonucleotide 264, which is a single, longer oligonucleotide ( Figure  2E) (60-mer) .
The sequence quality with the reverse primer was not as severely affected by the hairpin formation ( Figure 2F ), and the sequence quality did not improve as dramatically with blocking oligonucleotide 264 ( Figure 2G ). Table 2 summarizes the results of several experiments with blocking oligonucleotide 264 at several oligonucleotide concentrations, forward and reverse sequencing primers, and cloned genes of various sizes. We then added 1 µL 25 µM blocking oligonucleotide 264 to our entry clone sequencing reactions.
Inverted repeats represent difficult BENCHMARKS regions in genome sequencing projects (4-6). The method described here has limited applicability to these situations because one must know the sequence of the inverted repeats to design a blocking oligonucleotide. In such circumstances, it would be preferable to separate the inverted repeats by cloning them separately or to increase the distance between the inverted repeats by inserting a transposon (of known sequence) into the loop of the hairpin (7). Alternatively, one could design sequencing oligonucleotides with higher melting temperatures and attempt to minimize hairpin formation by raising the annealing temperature in each sequencing cycle. For sequencing Gateway entry clones using standard forward and reverse primers, the blocking oligonucleotide method described here is a less expensive and easier way to acquire long sequence reads. 
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